Abstract-Radiation pattern, impedance characteristics, and gain of a probe-excited rectangular ring antenna are investigated by the Method of Moments with the Rao-Wilton-Glisson (RWG-MoM) basis functions. The analysis is carried out for different lengths and positions of the probe as well as various lengths, widths and heights of the ring. In addition, the distribution of the surface current is also illustrated. Consequently, the suitable parameters are determined. It is obvious that the proposed antenna offers a bidirectional pattern with the impedance bandwith (|S 11 | < −10 dB) of 17%. Along the direction of the ring aperture, the gain is 5.28 dBi. Furthermore, the prototype antenna was fabricated and measured to verify the validity of the numerical calculation. It is found that the numerical and measured results are reasonably in good agreement.
INTRODUCTION
Recently, the wireless communications become essential in human activity.
Therefore, the demand for using a mobile telephone is increased everywhere. Generally, the base station antennas in microcellular system for the urban areas are located lower than the surrounded buildings along the streets, and sometimes they are located in the underground areas. Many base stations are placed indoors such as in the building, underground shopping areas and subway station. In these circumstances, the communicable cell is formed along the street. For these environments, a bidirectional antenna is more suitable to apply serving these demands. In addition, bidirectional antennas can be enlarged the cell size along the street in microcell environment [1, 2] . Therefore, many researches and developments on bidirectional antennas have been extensively conducted [3] [4] [5] [6] [7] [8] [9] [10] . Nevertheless, the low cost must be considered since the number of cell is very large. Hence, the probe-excited different ring shapes, such as rectangular, circular, elliptical rings, are introduced [6] [7] [8] [9] [10] . The omnidirectional pattern of linear probe is forced by the surrounded rings to provide the bidirectional pattern. Because of the simple structure, the bidirectional rectangular ring was presented in [6, 8, 9] to be used as a base station antenna at the narrow and long path serviced areas. It is also possible to adjust the beamwidth of the antenna corresponding to the applications by changing the ring width and ring height. Furthermore, the desired directivity is easily obtained by varying the ring length.
Theoretically, there are many techniques to analyze the radiation from the aperture fed by probe in open literatures [11] [12] [13] [14] [15] [16] [17] . The dyadic Green's function approach [16] [17] [18] [19] [20] [21] is used to analyze the radiation characteristics of the probe-excited rectangular ring antenna [9] because it is straightforward; in addition that the closed form solutions are obtained. The fields inside the rectangular ring, equivalent electric and magnetic current densities on the aperture, and far field radiations were expressed. Nevertheless, the analysis is performed under the assumption that the current is assumed to be sinusoidal distribution, the mutual coupling between the two apertures and the diffraction at the edge of the ring are neglected. The input impedance that is very sensitive to the actual current is not accurately achieved under those assumptions. Therefore, the full-wave analysis is necessary. The Method of Moments with the Rao-Wilton-Glisson (RWG-MoM) basis functions [22] [23] [24] [25] is the suitable choice to solve the surface integral equations for arbitrarily shaped objects. Its basis functions include not only for each member of patch which contains an edge lying on the boundary of the unit cell, but also the adjacent facepairs of the triangulated surface. The accurate solutions of the impedance characteristics including radiation pattern and gain are accomplished. In this paper, the RWG-MoM is applied to investigate the characteristics of the proposed antenna. Using this approach, the antenna surface is divided into a number of triangular patches. Hence, the criterion of convergence should be carefully considered before computing. Subsequently, the influences of the antenna parameters are investigated to obtain the suitable ones. This paper is organized as follows. The electrical field formulations are expressed in Section 2.
In Section 3, antenna structure and numerical results are shown. Then, the antenna design and experimental results are presented in Section 4. Finally, conclusions are provided in Section 5.
ELECTRIC FIELD FORMULATIONS
In terms of RWG basis functionf n [24] , the surface electric current densityJ on the metal surface divided into triangular patches is given asJ
where N is the number of interior (non-boundary) edges. Since a basis function is associated with each non-boundary edge of the triangulated structure, up to three basis functions may have nonzero values within each triangular face. For a given edge, only the basis function associated with that edge has a current component normal to the edge; all other basis currents in adjacent faces are parallel to the edge. Furthermore, since the normal component off n at the nth edge is unity, each expansion coefficient I n may be interpreted as the normal component of current density flowing pass the nth edge. Also, the basis functions in each triangle are independent, because the current normal to the nth edge that is an independent quantity. Due to the current continuity, the summation of normal components of currents on opposite sides of the surface boundary edges is cancelled. Therefore, it is neither defined nor included in (1) contributions from basis function associated with such edges. Once the surface currents are known, the electric and magnetic fields in everywhere of the space can be found using either surface integrals or elegant dipole model. Assuming that every RWG edge element behaves like a dipole of constant current located between the centroids of the triangle adjacent to each edge. To find the equivalent moment, considering a RWG element m with two inner triangle edges of T ± m adjacent to the edge of length l m , the dipole momentm producing from the products of an effective dipole current is obtained by integration of the surface current as
where c 0 denotes the triangular midpoint.f m (r) is the RWG basis function corresponding to the element m. An effective length of dipole l is given by [r c 0 − m −r c 0 + m ]. Consequently, the coefficient of surface current I m is determined from the moment equations as
where [Z mn ] is an impedance matrix N × N .Ī n andV m are the vector of expansion coefficients and the applied voltage vector, respectively. It is note that the feeding voltage of 1 V is assumed. The radiation electric and magnetic fields of an infinitesimal dipole at the pointr arē
and C = 
ANTENNA DESIGN
The antenna structure and the parametric study are shown in this section. The parameters that affect the radiation pattern, impedance characteristic and gain are investigated. Figure 1 shows the structure of the probe-excited rectangular ring antenna. It consists of the ring width a, ring height b and ring length c that surrounds a linear probe of the length l. Considered that the probe aligns along y direction at the position of (x = s, y = −b/2, z = 0), where s is the distance of probe offset from the centre (x = 0, y = −b/2, z = 0).
Antenna Structure

Parametric Study
The characteristics of the antenna depend on the following parameters, i.e., the ring width (a), the ring height (b), the ring length (c), the probe length (l) and the probe position (s). Since the crosssection of the antenna is the same as a rectangular waveguide, in this circumstance the ring width and ring height are chosen to be the dimension of a standard waveguide operating at the dominant mode (TE 10 ). Therefore, the ring width of a, and ring height of b are initially selected as a = 0.70λ and b = 0.35λ. Accordingly, the antenna characteristics depend on the ring length, probe length and probe position. In the preliminary study, the initial probe length of 0.25λ is selected for the reason of impedance matching (the suitable length is determined later). To study the effect of each parameter, the RWG-MoM is used. Applying this method, the antenna structure in Figure 1 is modeled from a number of triangular patches as shown in Figure 2 (a) feeding with a thin strip instead of a cylindrical one to avoid the separate algorithms of wire and patch models as shown in Figure 2 (b). Note that, in general, a thin strip width of excited probe should be 4 times of the radius of the equivalent cylindrical structure [24] . The material of the antenna is made by copper with conductivity of 5.8 × 10 7 S/m.
Before starting to calculate, it is worthwhile to consider the number of triangular segments that uses to model the antenna by using the criterion of convergence that the deviation of input impedance of the antenna is less than 0.1% as shown in Figure 3 . It is found that when the number of triangle is increased, the less deviation is achieved. In this paper, the number of triangular segments of 1,894 RWG basis functions is used. Figure 4 shows the radiation patterns of the probe-excited rectangular ring antenna for various ring lengths (c). It is found that a bidirectional pattern can be produced due to the confinement of linear probe by rectangular ring. In addition, the separation between the two apertures or the ring length has been strongly influenced to the radiation pattern. In the yz -plane, the beamwidth is widened and then split when the ring length is increased. After that, the bidirectional pattern with the existed side lobes is achieved again at c = 1.25λ. By varying the ring lengths, it is found that the shorter ring length provides the wide beamwidth in the xz -plane because the aperture separation affects the radiation patterns. In addition,the radiation pattern has null at θ = 90 • in the yz -and xz -planes due to the ring edge effecting. It is observed that the dyadic Green's function approach [9] and the RWG-MoM provide the same trend of radiation pattern. However, using the RWG-MoM, the beamwidths of the antenna are narrower and its null is deeper than that using the gain for different c, it is found that the ring length of 0.25λ provides the maximum gain and the optimum matching condition. Furthermore, the frequency response of |S 11 | and gain are plotted as shown in Figure 6 . It is found that the impedance bandwidth covers 17% (|S 11 | < −10 dB) with the resonant frequency slightly shifted from the operating frequency for mostly ring lengths as shown in Figure 6 (a) except for the case that c = 0.4λ, it is resonated at 0.98f 0 with the impedance bandwidth of 15%. This is due to the resonant frequency of the antenna is affected by both the probe excitation and the rectangular ring. Furthermore, along the direction of the ring aperture (θ = 0 • , φ = 90 • ), the gain of different ring lengths are plotted versus frequency as shown in Figure 6(b) . Apparently, the increasing gains are obtained for the increasing frequency. The maximum is achieved at the operating frequency f 0 for c of 0.20λ, 0.25λ and 0.30λ, and the frequency of 0.98f 0 for c of 0.15λ and 0.40λ, respectively. Moreover, the ring length c of 0.25λ provides the maximum gain of 4.50-5.28 dBi along the frequency band of 0.90f 0 -1.10f 0 (the difference between the maximum and minimum gain is less than 3 dB). It is apparent that the ring lengths of 0.40λ yields the minimum gain of 3.41-4.76 dBi. At the operating frequency, the ring lengths of 0.15λ, 0.20λ, 0.25λ, 0.30λ and 0.40λ provide the gains of 4.92 dBi, 5.22 dBi, 5.28 dBi, 5.20 dBi and 4.76 dBi, respectively. As the results, the ring length of 0.25λ is selected because the gain is maximum. In addition to the probe length, the effect of probe position (s) to |S 11 | and gain is also considered and plotted as shown in Figure 7 . It is found that |S 11 | and gain have the opposite curve; i.e., |S 11 | is increased as further distance of s from the center (x = 0, y = −b/2, z = 0) where the trend of gain is decreased. The matched condition is obtained when s < 0.11λ. At the center (s = 0, y = −b/2, z = 0), the optimum matched impedance with |S 11 | of −30.46 dB is observed. From Figure 7 , the gain is further decreased for s > 0.11λ due to the mismatched impedance. However, the gain is slightly decreased when s < 0.11λ with the matched impedance (|S 11 | < −10 dB). It should be pointed that the probe position has strong effect to impedance characteristic and gain. Figure 8 shows the influence of b/a to the input impedance and |S 11 | when l is fixed at 0.27λ. Apparently, the increasing |S 11 | is seen for the higher ratio of b/a. However, The level of |S 11 | is lower than Figure 8 , it is shown that the impedance characteristics have been strong affected from the probe-excitation rather than the ring dimension. The variation of b/a (with the fixed probe length) have weak effect to the impedance characteristics.
Furthermore, surface current distributions of the antenna are illustrated as shown in Figure 9 . Obviously, the maximum current occurs at the feed point, and it is dense along a linear probe. Accordingly, the radiation fields are mainly produced from the linear probe, and then its radiation pattern is confined by rectangular ring providing bidirectional beam in the forward and backward directions along the ring aperture. In addition, it should be pointed that a linear probe has strong effect to the impedance of the antenna. 
MEASUREMENTS
To confirm the numerical calculation, the prototype antenna was fabricated with the designed parameters from the preceding section at the operating frequency of 1.9 GHz. The ring was made of copper with 1 mm thickness. The ring height, ring width and ring length are 55 mm, 110 mm and 39 mm, respectively. The antenna was fed by the linear probe that was made from the copper rod of the diameter 0.65 mm. The probe length is 43 mm. This probe was connected to the transmission line via the SMA connector. The photograph of the fabricated antenna is depicted in Figure 10 .
Using an HP8720C Network Analyzer, the radiation pattern, the impedance characteristic in terms of |S 11 |, and the gain were measured. The calculated and measured radiation patterns in yz -plane and xz -plane are shown in Figure 11 (a) and Figure 11(b) , respectively. Obviously, the maximum radiated field directs along the ring aperture in +z and −z directions. In addition, the radiation pattern in yz -plane tilts from z axis because the linear probe is located at the bottom of the ring making unsymmetrical structure along yz -plane. The beam peak in yz -plane of the theory and measurement directs at 3 and 0 degrees with the calculated and measured half-power beamwidths of 88 and 95 degrees, respectively. For the symmetrical structure along xz -plane, the radiation pattern is symmetry in this plane. In xz -plane, the beam peaks of both theory and measurement direct at 0 degree with the calculated and measured half-power beamwidths of 66 and 74 degrees, respectively. The theory and measurement are in good agreement.
In addition, the matching impedances between coaxial transmission line (with the characteristic impedance of 50 Ω) and the antenna are plotted in terms of |S 11 | as shown in Figure 12 . Apparently, the theory and measurement provide the lowest |S 11 | at l = 0.27λ with |S 11 | of −30.46 dB and −34.32 dB, respectively, as shown in Figure 12(a) . Moreover, in Figure 12 (b), the calculated and measured impedance bandwidths of 17% and 18% for the |S 11 | < −10 dB are obtained, respectively. It is found that the resonant frequencies are yielded at 0.99f 0 and f 0 for the theory and measurement, respectively. When comparing between the theory and measurement, they are in good agreement.
The gain of the antenna was also measured and plotted compared with the theory as shown in Figure 13 . It is found that the calculated and measured gains at the direction of θ = 0 • and φ = 90 • along the frequency ranging from 0.90f 0 to 1.10f 0 are 4.50-5.28 dBi and 4.19-5.13 dBi, respectively. The minimum and maximum gains from the theory are obtained at the 0.90f 0 and f 0 with gains of 4.58 dBi and 5.28 dBi, respectively, whereas the minimum and maximum gains from the measurement are yielded at the 0.90f 0 and 1.05f 0 with gains of 4.25 dBi and 5.13 dBi, respectively. At the operating frequency, the gains of 5.28 dBi and 5.05 dBi are obtained from the theory and measurement, respectively. Obviously the theory and measurement possess the acceptable agreement.
CONCLUSION
This paper presents the full-wave investigation of a probe-excited rectangular ring antenna by using the RWG-MoM. This technique is suitable for modeling the metallic surface problem. Using RWG-MoM, the antenna is modeled by dividing the antenna surfaces into a number of triangular patches of 1,896 segments associated with the deviation of input impedance of the antenna is less than 0.1%. Then, the radiation pattern, the impedance characteristic in terms of |S 11 | and gain are investigated for various length and position of probe with different ring length. Along the direction of ring aperture, it is found that the ring length of 0.25λ with the probe length of 0.27λ located at the center (x = s = 0, y = −b/2, z = 0) provides the maximum calculated and measured gains of 5.28 dBi and 5.05 dBi, respectively. The achieved optimum impedance matching from calculation and measurement in terms of |S 11 | are −30.46 dB and −34.32 dB, respectively. Moreover, the calculated and measured impedance bandwidths of 17% and 18% for the |S 11 | < −10 dB are obtained. By using delta gap voltage excitation, it is found that the current distributes along the probe excitation. The radiation from the probe is confined by the rectangular ring to provide the bidirectional pattern. In addition, the impedance characteristic and gain have been stronger affected from the probe excitation than the rectangular ring. To verify the theoretical results, the prototype antenna was fabricated and measured. It is found that the calculation and measurement are reasonably in good agreement.
